A stability-indicating photochemical method for the assay of riboflavin (RF) in photodegraded samples and aged vitamin preparations has been developed. It is based on photochemical conversion of RF to lumichrome (LC) in alkaline solution under controlled conditions of light intensity, temperature, pH, time of exposure, and distance. Under these conditions about two-thirds of RF is converted to LC and on the basis of the RF : LC ratio the concentration of RF can be determined in degraded solutions. The method involves the extraction of photolyzed solutions of RF (pH 2.0) with chloroform and determination of LC along with lumiflavin (LF) by a two-component spectrometric method at 356 and 445 nm. The method has been validated and the results of the assay of RF in photodegraded solutions compare well with those of the standard USP fluorimetric method. The recovery of the method is 99-101% and the precision is within 2%. The method is stability-indicating and can be applied to the assay of RF in photodegraded solutions and aged vitamin preparations. The method is specific compared to that of the USP fluorimetric method in which the degraded LC may interfere with the fluorescence emission of RF.
Introduction
Riboflavin (RF) is sensitive to light in aqueous solution [1] [2] [3] . It is photodegraded by several pathways involving the excited singlet and excited triplet states [4] [5] [6] [7] [8] [9] [10] . These reactions lead to the formation of several photoproducts under various conditions [6, [11] [12] [13] [14] [15] [16] [17] [18] . The primary step in the photodegradation of RF solutions involves the formation of formylmethylflavin (FMF) by photoreduction. This compound then undergoes hydrolytic degradation to form lumichrome (LC) and lumiflavin (LF) as the final products [12, [14] [15] [16] [17] [18] . Spectrometric methods have been used to assay RF in pharmaceutical preparations [2] and in photodegraded solutions in 440-450 nm region [12, [19] [20] [21] [22] [23] [24] [25] [26] . In view of the interference of photoproducts of RF absorbing at the analytical wavelength, the accuracy of these methods is doubtful and the results may not be reliable. The development of multicomponent spectrometric methods involving the assay of RF and its major photoproducts in degraded solutions [14, 15, 27] leads to the study of the kinetics of photodegradation reactions [14] [15] [16] [17] [18] 28] . Warburg and Christian [11] made an attempt to assay RF involving the photochemical formation of LF by its side-chain cleavage in alkaline solution, its extraction in chloroform, and measurement of absorbance at 450 nm. However, the nonquantitative nature of the reaction limited the use of this method. The principle of photochemical oxidation of thiamine (vitamin B 1 ) to thiochrome followed by fluorescence measurement has also been applied to the assay of thiamine [29, 30] . In the present study a stability-indicating photochemical method has been developed for the assay of RF on the basis of the formation of LC, a major reaction product, under controlled conditions of light, temperature, pH, irradiation source-vessel distance, and irradiation time. The method has been validated under controlled experimental conditions and could be applied to the assay of RF in photodegraded solutions and aged vitamin preparations. [31] . All other reagents and solvents were of analytical grade or of the purest form available from Merck & Co. Commercial vitamin preparations of different pharmaceutical concerns were obtained from the market. The following buffer systems were used: KH 2 PO 4 -Na 2 HPO 4 , pH 7.0-8.0, Na 2 B 4 O 7 -HCl, pH 8.5-9.0, Na 2 B 4 O 7 -NaOH, pH 9.5-10.5, and Na 2 HPO 4 -NaOH, pH 11.6. The ionic strength was 0.005 M in each case.
Photolysis. A 5 × 10
−5 M (18.82 mg/L) aqueous solution of RF was prepared in the pH range 7.0-11.6 in a 100 mL Pyrex flask and placed in a thermostat water bath at 25 ± 0.1 ∘ C. The solution was irradiated using a Philips HPL-N 125 W high pressure mercury vapor lamp (emission at 405 and 435 nm, the long wavelength corresponding to the absorption maximum, 445 nm of RF) [7, 10, [16] [17] [18] , fixed horizontally at a distance of 25 cm from the centre of the vessel in a radiation chamber. The solution was continuously bubbled with a stream of air into the flask to maintain aerobic conditions. Samples were withdrawn at the appropriate intervals for chromatographic examinations and spectrometric assay.
Thin-Layer Chromatography (TLC).
The identification of RF and its photoproducts, FMF, LC, and LF, has been carried out by performing TLC of the irradiated solutions using 250 m cellulose plates and solvent systems: (a) 1-butanolacetic acid-water (40 : 10 : 50, v/v, organic phase) and (b) 1-butanol-1-propanol-acetic acid-water (50 : 30 : 2 : 18, v/v) [28] . The compounds were detected by comparison of their values and fluorescence emission under 365 nm (RF, LF, and FMF, yellow green; LC, sky blue) with those of the reference standards.
pH Measurement.
The measurement of the pH of solutions was performed on an Elmetron LCD display pH meter (Model-CP 501, sensitivity ±0.01 pH units, Poland) using a combination pH electrode. The electrode was automatically calibrated using phthalate (pH 4.008), phosphate (pH 6.865), and disodium tetraborate (pH 9.180) buffer solutions.
Spectral Determination.
The spectral determinations on photodegraded solutions of RF were carried out on a Shimadzu UV-1601 spectrophotometer using quartz cells of 10 mm path length.
Light Intensity Determination.
The intensity of the Philips HPL-N 125 W lamp has been determined using potassium ferrioxalate actinometry by the method of Hatchard and Parker [32] and a value of 1.20 ± 0.10 × 10 17 quanta s −1 has been obtained.
Spectrometric Assay of RF and Photoproducts.
The assay of RF and its photoproducts (FMF, LC, and LF) for the degradation reactions at pH of 7.0-11.6 has been carried out by the multicomponent spectrometric method of Ahmad and Rapson [14] . It involves the adjustment of the pH of photodegraded solutions of RF to pH 2.0 with 0.2 M HClKCl buffer, extraction of the solution with 3 × 10 mL chloroform to remove LC and LF, and evaporation of chloroform and dissolution of the residue in 0.2 M acetate buffer (pH 4.5). The absorbance of the solution was measured at 356 and 445 nm and the concentrations of LC along with LF were determined by a two-component spectrometric assay [33] . The absorbance of the aqueous layer (pH 2.0) was measured at 385 and 445 nm to determine the concentrations of RF and FMF by a two-component spectrometric assay. The protonated form of FMF ( 3.5) [34] at pH 2.0 has as an absorption maximum (385 nm) distinct from that of RF (445 nm) to make the two-component assay feasible.
Photochemical Assay of RF.
An aliquot of the photodegraded solution (1-2 mL, corresponding to about 1 × 10 −4 M RF) was placed in a 25 mL beaker, 5 mL of water was added, and the pH was adjusted to 2.0 with 1 M HCl solution. The solution was transferred to a 10 mL volumetric flask and made up to volume with KCl-HCl buffer solution. The solution was extracted with 3 × 10 mL of chloroform to remove the degradation products and the chloroform layer was discarded. A 5 mL quantity of the aqueous phase was placed in a 25 mL beaker and the pH adjusted to 11.6 with 2 M NaOH solution. The solution was transferred to a 10 mL volumetric flask and made up to volume with pH 11.6 Na 2 HPO 4 -NaOH buffer solution. This solution was then subjected to photolysis as described under Section 2.2. The concentration of LC along with LF was determined on complete photolysis of RF and FMF in the solutions by two-component spectrometric assay at 356 and 445 nm.
Fluorescence Measurements.
The fluorescence measurements on RF solutions were carried out at room temperature (∼25 ∘ C) with a Spectromax 5 fluorimeter (Molecular Devices, Sunnyvale, CA, USA) in the end point mode using 374 nm as the excitation wavelength and 530 nm as the fluorescence emission wavelength [35, 36] . The fluorescence was measured in relative fluorescence units using a pure 0.05 mM RF solution as standard.
Results and Discussion

Identification of Photoproducts of RF.
In a degradation study, it is necessary to identify the products formed in the reaction to develop a stability-indicating analytical method for the assay of one or more compounds. A TLC study of the photodegraded solution of RF during irradiation using solvent systems (a) and (b) confirmed the presence of FMF, LC, and LF as the main photoproducts in addition to undegraded RF. A minor spot of carboxymethylflavin (CMF) has also been detected which is reported to be formed within 1% of the photodegraded solution [18] .
Assay of RF.
The assay of RF has been performed on the basis of the separation of photoproducts by chloroform extraction [14] . In order to set the conditions for photochemical conversion of RF to LC, the assay of RF and photoproducts (including LC) has been carried out at various irradiation intervals to determine optimal conditions for the method. The photodegradation reactions have been carried out in the pH range 7.0-11.6 to determine the pH at which maximum amount of LC is formed on complete disappearance of RF and FMF. The method requires strict control of conditions to achieve reproducible results. The various analytical parameters for the validation of this method are reported in Table 1 .
RF and Photoproduct Ratios.
The results of a complete assay of RF and photoproducts at pH 11.6 (maximum LC yield) are reported in Table 2 . A constant molar balance at various time intervals with respect to the initial concentration of RF is an indication of the accuracy and precision of the method. The values of the ratios of FMF/RF and LC/LF and the percentage of LC and LF formed at complete disappearance of RF and FMF (FMF/RF = 0) at pH of 7.0-11.6 are reported in Table 3 . In this assay it is necessary to optimize the experimental conditions to achieve maximum yield of LC in relation to RF within a reasonable period of irradiation time. These ratios indicate that the maximum yield of LC for a photodegradation reaction of RF is obtained at pH around 11.0 (∼36 min). However, the complete disappearance of RF and FMF takes place at pH 11.6 in a period of about 30 min. Therefore, this pH is considered as the optimum pH for the photodegradation reaction of RF for the assay purpose. Under the present conditions with the lamp used in the study, 30 min is considered enough to achieve the maximum yield of LC. The assay data showed that the concentration of LC is gradually increasing, with time, until becoming almost constant (∼60% conversion of RF concentration) towards the end of the reaction on complete disappearance of RF and FMF. A plot of LC/LF versus pH is shown in Figure 1 to indicate that a constant ratio is obtained on complete disappearance of RF and FMF. On the other hand, at this pH the concentration of LF is decreasing, with time, indicating the cleavage of isoalloxazine nucleus in the alkaline solution [37] [38] [39] . The LC/LF ratio at pH 11.6 at 30 min is around 1.30. A plot of % concentrations of LC and LF formed at different pH values shows the maximum concentration at pH 11.6 ( Figure 2 ). The earlier photochemical method for the assay of RF, based on the formation of LF in alkaline medium [11] , does not give accurate results due to the lack of control of experimental conditions and the loss of LF by isoalloxazine ring cleavage. Moreover, LF concentrations at pH 11.6 are lower than those of LC on the basis of LC/LF ratios. Thus the determination of LC would give better results for the assay of RF compared to that of LF and would be stabilityindicating. The experimental conditions for the method have to be established by the analyst to determine the LC : RF ratio.
Analytical Parameters
(1) Choice of Analytical Wavelengths. The photodegraded solutions of RF were subjected to chloroform extraction for the separation of two components (LC and LF). These components have been determined by a two-component spectrometric assay at 356 and 445 nm. These wavelengths belong to the absorption maxima of these compounds and are most suitable for their assay by a spectrometric method [14] . These wavelengths would also provide maximum sensitivity and specificity to the assay method. In the present method, the assay of LC is required only for the determination of RF using the LC : RF ratio. maximum distinction between the absorption maxima of FMF (385 nm) and RF (445 nm). At this pH FMF is protonated ( 3.5) [34] and remains in the aqueous phase. Moreover, FMF is unstable at pH 7.0 and above and does not interfere with the assay of LC and LF as it is not extracted in chloroform [14] . LC and LF, on chloroform extraction, can be conveniently assayed at 356 and 445 nm since they exhibit considerable difference in their absorption maxima at that pH. The photodegradation reactions of RF carried out at any pH are subjected to this treatment by adjusting the pH of degraded solutions to pH 2.0 before chloroform extraction. [14] and have been used in several photodegradation studies of RF [14] [15] [16] [17] [18] . The values of molar absorptivities determined in this study are reported in Table 1 . In the photochemical assay of RF, the concentration of LC is calculated in the range where Beer's law relation holds.
(4) Precision of the Method. The precision of the method has been determined by the analysis of synthetic mixtures of RF and its photoproducts, LC and LF, and the value of RSD has been found to be within ±2% (Table 1) .
Experimental Conditions
(1) Radiation Source. A medium intensity radiation source is suitable for the photodegradation of RF. Under the experimental conditions used the irradiation source should degrade RF uniformly in the alkaline media by a fixed mechanism in a reasonable period of time and avoid any side reactions affecting the formation of LC. In the present study a Philips HPL-N 125 W high pressure mercury vapor fluorescent lamp, emitting in the region of RF absorption (445 nm), has been found to be suitable for the photodegradation studies of RF. It has previously been used in several photodegradation studies of RF [15] [16] [17] [18] 28] .
(2) Radiation Vessel. A radiation vessel of standard brand should be used in the photodegradation of RF. The vessel should have uniform wall thickness and be always placed in the same orientation. A Pyrex flask (100 mL) could be used for these studies since the light absorption in the solution should be uniform throughout irradiation. Such flasks have successfully been used in earlier studies on the photodegradation of RF [15] [16] [17] [18] .
(3) Radiation Source-Vessel Distance. This distance is critical since change in this distance in photodegradation work would give nonuniform assay results. It is, therefore, necessary to fix this distance during exposure. A distance of ∼25 cm between the radiation source and the reaction vessel has also been found suitable for this work and has also been used in previous studies [15] [16] [17] [18] . period of about 30 min has been found to be sufficient to achieve the maximum amount of LC for the reaction carried out at pH 11.6.
(6) Air Content. A constant air content in RF solutions subjected to irradiation is necessary to create aerobic conditions for the reaction to achieve a uniform output of LC on the photodegradation of RF. A steady bubbling of a stream of air into the irradiation flask would produce an aerobic atmosphere for the reaction to achieve the desired concentration of LC.
Photodegradation of RF in Alkaline Solution.
It is well known that aqueous RF solutions undergo photodegradation by intramolecular photoreduction of the isoalloxazine nucleus involving the ribityl side chain [4] [5] [6] [7] [8] [9] [10] . This leads to the formation of FMF as an intermediate product in both acid and alkaline solutions [12] [13] [14] [15] [16] [17] [18] . FMF forms LC in acid solution by a bimolecular mechanism and LC and LF in alkaline solutions by a unimolecular mechanism [14, 15, 18, 28] . The concentration of LC is greater than LF up to pH 11.6. In the pH range above 9.0, isoalloxazine nucleus of flavins is gradually cleaved to form products absorbing in the UV region [13] . This may cause some interference in the assay of LF present in photodegraded solutions. A reaction scheme for the photodegradation of RF in alkaline solution is presented in Figure 3 . A plot of RF and products during the photodegradation reaction at pH 11.6 is shown in Figure 4 .
Application of the Assay Method.
The LC method can be applied to the assay of RF in photodegraded solution and in aged vitamin preparations. It is stability-indicating in the determination of RF concentrations on the basis of the amount of LC formed under controlled conditions. In the application of this method to degraded solution and aged vitamin preparations, it is necessary to extract any LC formed prior to the photolysis of RF according to the method described under Section 2.8. This would differentiate between the LC already present as a degradation product and the LC formed on the photolysis of RF. The latter would give an estimate of the amount of RF present in degraded samples.
A comparison of the results of the LC method with those of a standard USP fluorimetric method [36] for the assay of RF in photodegraded solutions and in aged vitamin preparations is given in Table 4 . The values of the assay obtained by LC method are slightly lower than those of the fluorimetric method indicating that the LC method can be used to obtain reliable results for the assay of RF in degraded samples. There is statistically no significant difference between the result of the proposed LC method and the standard USP fluorimetric method, as indicated by the -test (Table 4) .
The advantage of the LC method is that it determines RF purely on the basis of its concentration actually present in degraded samples. On the contrary the fluorimetric method may have some interference due to the presence of LC ( fluor 485 nm) [40] as indicated by slightly higher values of the assay of RF compared to those obtained by LC method.
Conclusion
RF is extensively used as a component of vitamin preparations. It is sensitive to light and undergoes degradation in aqueous solution to form a number of photoproducts. A photochemical stability-indicating assay method has been developed for the determination of RF in photodegraded solutions and in aged vitamin preparations. The method involves photochemical conversion of RF to LC at pH 11.6 on exposure to light and its determination by chloroform extraction under controlled experimental conditions. It can be used for the determination of RF using the values of the ratios of concentration of LC formed to that of the initial concentration of RF used in assay (LC : RF). The method has good accuracy and precision. It has specific application for the determination of RF in photodegraded solutions and in aged vitamin preparations.
